The chemokine receptor CCR5 is encoded by the CMKBR5 gene located on the p21.3 region of human chromosome 3, and constitutes the major co-receptor for the macrophage-tropic strains of HIV-1. A mutant allele of the CCR5 gene, ∆ccr5, was shown to provide to homozygotes with a strong resistance against infection by HIV. The frequency of the ∆ccr5 allele was investigated in 18 European populations. A North to South gradient was found, with the highest allele frequencies in Finnish and Mordvinian populations (16%), and the lowest in Sardinia (4%). Highly polymorphic microsatellites (IRI3.1, D3S4579 and IRI3.2, D3S4580) located respectively 11 kb upstream and 68 kb downstream of the CCR5 gene deletion were used to determine the haplotype of the chromosomes carrying the ∆ccr5 variant. A strong linkage disequilibrium was found between ∆ccr5 and specific alleles of the IRI3.1 and IRI3.2 microsatellites: >95% of the ∆ccr5 chromosomes carried the IRI3.1-0 allele, while 88% carried the IRI3.2-0 allele. These alleles were found respectively in only 2 or 1.5% of the chromosomes carrying a wild-type CCR5 gene. From these data, it was inferred that most, if not all ∆ccr5 alleles originate from a single mutation event, and that this mutation event probably took place a few thousand years ago in Northeastern Europe. The high frequency of the ∆ccr5 allele in Caucasian populations cannot be explained easily by random genetic drift, suggesting that a selection advantage is or has been associated with homo-or heterozygous carriers of the ∆ccr5 allele.
INTRODUCTION
Members of the chemokine receptor gene family recently have been identified as the co-receptors which allow entry of human immunodeficiency virus type 1 (HIV-1) into human CD4-positive cells (1) (2) (3) (4) (5) (6) . Chemokine receptors belong to the superfamily of *To whom correspondence should be addressed Tel: +32 2 555 4171; Fax: +32 2 555 4655; Email: mparment@ulb.ac.be + These authors contributed equally to this work serpentine G protein-coupled receptors; they are classified as CXC-(or α-) or CC-(or β-) chemokine receptors, according to the primary structure of their natural agonists (7) . After the landmark identification of CXCR4 as the co-receptor for infection by T-tropic HIV-1 strains (those strains capable of infecting primary T lymphocytes and T cells adapted to continuous culture) (1), CCR5 (8) was shown to act as the major co-receptor for M-tropic HIV-1 strains (2) (3) (4) (5) (6) 9) . By contrast to T-tropic strains, which generally appear at late stages of the disease, M-tropic strains infect monocytes/macrophages and have been shown to be responsible for viral transmission (10) (11) (12) . The gene encoding CCR5 (CMKBR5) is located in the p21.3 region of human chromosome 3, within a cluster including most of the other CC-chemokine receptor genes (13) .
Resistance to infection by HIV-1 has been described in individuals who remain seronegative despite repeated exposure to the virus (14) . The mechanism of resistance in these 'exposed-uninfected' individuals is certainly not unique, but one convincing genetic explanation has been provided by the identification in individuals of Caucasian origin of a null mutation of CCR5 (15) (16) (17) . Homozygotes for a 32 bp deletion in the gene segment encoding the second extracellular loop of CCR5 (∆ccr5) appear to resist infection. This conclusion is based on the observation (i) of a high frequency of these natural ∆ccr5/∆ccr5 knock-outs in cohorts of exposed-uninfected individuals (16) (17) (18) , (ii) the virtual absence of ∆ccr5 homozygotes in large cohorts of seropositive individuals (15, 17, 19) although rare exceptions have been published to date (20) (21) (22) and (iii) on the observation that white blood cells from ∆ccr5 homozygotes are highly resistant to infection, in vitro, by M-tropic HIV-1 strains (15, 16, 18, 20, 23) . Heterozygotes for the ∆ccr5 allele exhibit slower progression into the clinical stages of AIDS (19, (24) (25) (26) , and appear partially protected against HIV infection (15, 26) . This mutant allele was not found in populations from Black Africa and the Far East (15, 27 ), but other rare mutations affecting the CCR5 gene have been described in all populations (28) .
CCR5 is expressed on monocytes, macrophages, memory T cells and dendritic cells, and is believed to play an important role in the chemokinesis of these cell populations in vitro and in vivo, in response to RANTES, MIP-1α and MIP-1β (29, 30) . CCR5 is also expressed in the microglial cells, in correlation with the ability of HIV-1 to infect the central nervous system (31) , but no function has so far been attributed to the receptor in this location. ∆ccr5 homozygotes are apparently healthy, suggesting that the normal function(s) of the receptor can be taken over efficiently by other chemokine receptors and their ligands. A recent report suggests, however, that ∆ccr5 heterozygotes are more susceptible to opportunistic infections during the late stages of AIDS progression (32). The high frequency of the ∆ccr5 allele in some populations raises the question of whether it is the result of random genetic drift, or rather the consequence of selective pressures possibly driven by an increased resistance to an infectious agent related or not to HIV. The aim of the present study was to determine more precisely the distribution of the ∆ccr5 allele in populations of 'Caucasian' descent and to explore the possibility that the mutation has emerged more than once. By genotyping >2500 individuals from 18 European populations, we found the highest ∆ccr5 allele frequency in Northeastern Europe. Analysis of tightly linked polymorphic microsatellites demonstrated strong linkage disequilibrium. Our observations are compatible with a single and relatively recent origin of the ∆ccr5 allele, coming most probably from the Finno-Ugrian population, and could suggest a selective pressure in favor of the mutant allele.
RESULTS

Geographic distribution of the ∆ccr5 allele
The CCR5 genotype was determined by polymerase chain reaction (PCR) in population samples from 18 regions covering most of Europe. The mutant ∆ccr5 allele was found in all investigated populations (Table 1 and Fig. 1 ), but a significant heterogeneity was observed among the population samples (χ 2 = 47.8; 17 d.f.; P = 0.00013). A general North to South downhill gradient was observed, with only the Lapps (Saamis) constituting a notable exception. The highest frequencies were found in Northern and Northeastern Europe (16% in Finnish and Mordvinian populations). The Swedish Saamis had a significantly lower frequency (8.3%) than Swedes (P = 0.024). We found lower frequencies in the Mediterranean area, with the lowest observed figures in Sardinians (4%). No significant deviation from the Hardy-Weinberg equilibrium was observed, when considering the whole material, or the individual populations ( Table 1) .
Characterization of the IRI3.1 (D3S4579) microsatellite
A TG repeat microsatellite located 11 063 bp upstream from the ∆ccr5 deletion site was identified by sequencing the 17 kb separating the genes encoding CCR2 and CCR5 (8) and in the 140 kb genomic sequence of a bacterial artificial chromosome (BAC), which was released recently in the databases (33) . The polymorphism of this microsatellite was analyzed in 290 individuals belonging to different populations (Tables 1 , 2 and 3) . Most of the homozygotes for the ∆ccr5 allele were tested, as well as a large number of heterozygotes. Homozygotes for the wild-type CCR5 gene were selected mainly from four populations from Northern (Sweden and Finland) and Southern (Sardinia and Turkey) Europe, in order to investigate potential variations in allele distributions. The IRI3.1 microsatellite displayed extensive polymorphism ( Fig. 2 and Table 2 ): 13 alleles were observed, with an average heterozygosity of 85%. Among the chromosomes bearing the wild-type CCR5 gene, the major alleles were IRI3.1+3 (Table 2 ) was found to be significantly different between Northern (Sweden and Finland) and Southern (Sardinia and Turkey) populations (χ 2 = 37.7, 7 d.f., P <0.00001). This difference was essentially due to the lower frequency of the IRI3.1+4 allele (χ 2 = 21.9, 1 d.f., P <0.00001) and the somewhat higher frequency of long repeats (IRI3.1+8 and up, χ 2 = 6.5, 1 d.f., P = 0.01) in Southern European populations.
Haplotype determination
Out of the 16 ∆ccr5 homozygotes that were tested for the microsatellite, 15 displayed the same genotype, being homozygous for the IRI3.1-0 allele ( Fig. 2 and Table 3 ). The other alleles were named relative to this allele. The single exception harbors the IRI3.1-0 allele together with an IRI3.1+4 allele. From the data collected from CCR5/CCR5 and ∆ccr5/∆ccr5 individuals (Table 3) , the linkage disequilibrium between CCR5 and IRI3.1 was extremely significant (χ 2 = 286, 1 d.b., P <<0.00001). The IRI3.1-0 allele was seldom found in association with the wild-type CCR5 allele, being one of the rarer alleles among CCR5/CCR5 individuals (average frequency of 0.02). We then investigated a total of 98 ∆ccr5 heterozygotes, originating mostly from the same cohorts as the CCR5/CCR5 homozygotes. Out of these, only five did not display an IRI3.1-0 allele ( Table 3) . Four of these exceptions had in common an IRI3.1+1 allele, differing by a single doublet from the IRI3.1-0 allele. It should be noted that the IRI3.1+1 allele is also a rare allele on chromosomes bearing a wild-type CCR5 gene, with an average frequency of 0.006 ( Table 2 ). The last exception was heterozygous for the IRI3.1+5 and IRI3.1+8 alleles. Among heterozygotes for ∆ccr5 and IRI3.1-0, the probability of having the IRI3.1-0 allele associated with CCR5 and another allele with ∆ccr5 is low (<0.001) and can be neglected. We can therefore consider that among the 98 ∆ccr5 heterozygotes, the IRI3.1-0 allele, when present, is associated with ∆ccr5. Taking this into account, we found that, out of 130 chromosomes carrying ∆ccr5, 124 are associated with IRI3.1-0 (95.4%), while six ∆ccr5 alleles [95% confidence interval (c.i.): 2.20-13.6 considering a Poisson distribution] belong to other haplotypes (4.4%, 1.7-10.5%). The alleles of the IRI3.1 microsatellite located 11 kb upstream of the CCR5 gene deletion were determined by PCR and gel electrophoresis. Alleles are identified following the relative number of dinucleotide repeats. Allele distributions and frequencies are given for individuals homozygous for the wild-type CCR5 allele, in two regions of Northern Europe (N. Eur., Sweden and Finland) and two regions of Southern Europe (S. Eur., Sardinia and Turkey). A total of 75-80 alleles were analyzed in each region. 
The overall frequencies were estimated considering an average frequency of 10% for the ∆ccr5 allele.
These other haplotypes could originate from three main causes: (i) independent mutation events occurring on a different genetic background; (ii) crossing-over disrupting the pre-existing association between ∆ccr5 and IRI3.1-0; and (iii) modification of the number of microsatellite repeats by replicative slippage. Microsatellite mutation can most probably be held responsible for the four IRI3.1+1 alleles found in heterozygotes, this allele being rare among CCR5/CCR5 homozygotes. This is in agreement with the reported observation that most of the mutations affecting microsatellites involve the gain or loss of a single repeat unit (34) , and that mutations are biased in favor of longer allele lengths (35) . If we neglect independent mutations (they can, however, not be ruled out), we end up with four (1.09-10.24; c.i. 95%) chromosomes resulting from microsatellite mutation events and two (0.24-7.22; c.i. 95%) chromosomes resulting from recombination events out of 130 chromosomes.
Approximate dating of the ∆ccr5 mutation
The rates of crossing-over between IRI3.1 and ∆ccr5, and of microsatellite mutation can both be used to estimate grossly how long this haplotype has been present in European population history, using the Luria and Delbruck's equations as described by Hästbacka et al. (36) . Considering the distance of 11 063 bp between the CCR5 gene deletion and the IRI3.1 microsatellite, and an approximate recombination rate of 1% per megabase and generation for the human genome, the recombination frequency (θ) was estimated to be 0.0111% per generation. Based on the Luria-Delbrück equations (36), we obtained a number of ∼140 generations (17-516; c.i. 95%) since the initial mutation leading to ∆ccr5. Considering an average of 25 years per generation, this places the mutation event some 3500 (400-13 000; c.i. 95%) years ago.
The same calculation was made, using the frequency of microsatellite mutations, and the reported average mutation rate (0.056%) observed for microsatellites in CEPH families (34) . If we consider that the four IRI3.1+1 alleles found in ∆ccr5 heterozygotes result from events of repeat amplifications (3.08; 0.84-7.9%; c.i. 95%), the number of generations since the ∆ccr5 mutation was estimated to be 56 (15-147; c.i. 95%), corresponding to 1400 years (375-3675; c.i. 95%). The overall frequencies were estimated considering an average frequency of 10% for the ∆ccr5 allele.
Analysis of a second microsatellite (IRI3.2, D3S4580)
In order to confirm the observations, we analyzed a second microsatellite (GA repeat adjacent to a GT repeat) included in the BAC covering the CCR5 gene (33) 
DISCUSSION
The ∆ccr5 allele frequency is higher in Northern Europe
The ∆ccr5 allele was found all across Europe, but a difference in allele frequencies was found among regions, with a North to South downhill gradient. This gradient is largely in agreement with the results of Martinson et al. (27) who studied the ∆ccr5 allele in European and non-European countries, but a larger number of regions was investigated in the present work. In discussing their results, Martinson et al. stated that the distribution of the ∆ccr5 allele was similar to that of some other Europe-centered genes, namely the ∆F508 cystic fibrosis mutation and the hemochromatosis gene. We find, however, a clear difference in the distribution of the ∆ccr5 allele on one hand and of the ∆F508 or hemochromatosis genes on the other. The latter two genes have a West European 'gene center' and low frequencies in eastern Europe (37, 38) , whereas high frequencies of the ∆ccr5 allele are found in eastern Europe. The fact that the highest frequencies of ∆ccr5 were found in Mordvinians (16.3%) and Finns (15.8%) raises the question of whether the ∆ccr5 mutation originated somewhere among the Finno-Ugrian tribes of Russia. The relatively modest frequencies in two other Finno-Ugrian populations, Saamis and Hungarians, would seem to be in disagreement with such a hypothesis. However, Saamis are known to differ genetically from other Finno-Ugrian people (39) , and present-day Hungarians should have received a considerable admixture from other populations, which is expected to lower their original ∆ccr5 frequencies. The location of the ∆ccr5 gene center in Northern European countries could explain the high frequency found by Martinson et al. (27) for Ashkenazi Jews, who have lived for centuries in these regions, and for whom a founder effect has been postulated for a number of genetic diseases (40) .
∆ccr5 alleles originate from a single and recent mutation event
The existence of a 10 bp direct repeat, which flanks the 32 bp deletion of ∆ccr5 (15), could suggest that the ∆ccr5 mutation has possibly occurred more than once in Europe. This possibility is made extremely unlikely by the strong linkage disequilibrium which the ∆ccr5 allele displays with the IRI3.1-0 and IRI3.2-0 alleles of microsatellites flanking the CCR5 gene on both sides, combined with the fact that both IRI3.1-0 and IRI3.2-0 alleles are rare (0.02 and 0.015 respectively) in the absence of CCR5 deletion (Table 2 ).
It appears, therefore, that most if not all ∆ccr5 chromosomes originate from a single mutation event. The fact that all ∆ccr5 alleles were associated either with IRI3.1-0 or IRI3.2-0 further suggests that events of crossing-over or microsatellite mutation occurred independently on an IRI3.1-0/∆ccr5/IRI3.2-0 original haplotype. It cannot be excluded that other mutagenesis events contributed to a very small proportion of the ∆ccr5 alleles, but this would not change the conclusions of the work. Considering the observed frequencies for recombination between the ∆ccr5 allele and the microsatellites, and the observed frequencies for microsatellite mutations, we estimated the number of generations required since the original CCR5 mutation in order to obtain the present day frequencies, using the formula of Luria and Delbruck, as described (36) . From the recombination frequency between CCR5 and IRI3.1, the ∆ccr5 mutation appears to be relatively recent (some 3400 years old), while from the microsatellite mutation rate, it appears even more recent (some 1400 years ago). Similar analysis for the IRI3.2 microsatellite gave ∼2000-2200 years, starting from mutation or crossing-over events. These calculations make a number of assumptions that are certainly not met (such as uniform exponential growth of the population and panmixis), and are prone to high error rates (due, among other factors, to the relatively low number of observations in the case of the IRI3.1 marker). Also, microsatellites have different evolution rates, and we have considered an average rate for our calculation. Nevertheless, it is likely that the ∆ccr5 mutation is relatively recent, and took place within the Neolithic period, a few thousand years ago. This is consistent with the fact that the ∆ccr5 mutation is not found in African populations nor in most Asian populations. European and Asian populations are considered to have separated ∼35 000 years ago, while their common Middle East ancestors separated from African populations some 120 000 years ago (41) .
Possible existence of a selection pressure in favor of the ∆ccr5 allele
The high frequency of the ∆ccr5 allele in European populations, starting from a single mutation event, could in theory result from random genetic drift, in the absence of selection against or in favor of the mutation. However, given the relatively recent origin of the mutation, and the size of the population in Europe during the Neolithic period (steady increase from a few hundred thousand to 400 million), random genetic drift is unlikely to account for the rapid increase in ∆ccr5 allele frequency. A positive selection is therefore postulated, and selections acting primarily on heterozygotes are more likely to drive a new mutation to an average level of 10% allele frequency within a few hundred generations or less. Potential selection advantages could be associated with resistance to infectious diseases or their consequences, in accordance with the involvement of CCR5 in the recruitment of monocytes, macrophages and helper T cells. The precise nature of the putative selective factor(s), however, remains to be identified.
Conclusions and perspectives
Together, the geographical distribution of the ∆ccr5 allele and the large excess of the IRI3.1-0/∆ccr5/IRI3.2-0 haplotype strongly suggests a single emergence of the ∆ccr5 mutation, taking place most probably in a Finno-Ugrian tribe of Russia. The high frequencies of the ∆ccr5 allele in some populations could affect the epidemiology of the disease and the mean progression rate of HIV-positive individuals in these populations. It could also favor in these populations the emergence of strains that can bypass the CCR5 defect by using other co-receptors efficiently (2, 6, 42) . The possibility that a selection pressure has allowed the rapid expansion of the ∆ccr5 allele in European populations will require further work in order to confirm the hypothesis, and to investigate the nature of the potential selection factors.
MATERIALS AND METHODS
DNA samples
Anonymous DNA samples were collected from a total of 2668 unrelated individuals of 18 different European populations representing most major ethno-linguistic groups (Baltic, FinnoUgrian, Germanic, Romanic, Slavic) and including Basques, Saamis and Sardinians. In previous population studies, these groups have been found to show distinct and peculiar gene frequencies. The DNA was prepared from blood leukocytes by standard methods (43) and analyzed in Brussels.
Detection of the ∆ccr5 allele
The 32 bp deletion in the CCR5 gene was detected by electrophoresis through a 3% agarose gel of a 735 bp fragment amplified by PCR from genomic DNA (forward primer, 5′CCTGGCTGTCGTCCATGCTG3′; reverse primer, 5′AGCCAT-GTGCACAACTCT3′; 30 cycles; annealing 60_C for 1 min; elongation 72_C for 1 min; denaturation 93_C for 1 min). To increase separation of the wild-type and deleted alleles, the 735 bp fragment was cleaved with EcoRI into a 332 bp constant fragment and a 403 or 371 bp fragment corresponding to the wild-type or ∆ccr5 fragment, respectively.
Microsatellite analysis
A TG dinucleotide microsatellite was identified 11 063 bp upstream from the CCR5 gene deletion (33) . It was analyzed by PCR, using AAGAGATTGGTTCCAGGCATG as forward primer, CCGGACCTTGCATTACAGGAC as reverse primer, and the following conditions: annealing 63_C for 1 min; elongation 72_C for 1 min; denaturation 94_C for 1 min; 0.75 mM MgCl 2 ; 125 ng each primers; 200 µM dCTP, dGTP and dTTP, 100 µM dATP and 1 µCi [α-32 P]dATP. Alternatively, PCR was performed using an α-32 P-labeled forward primer, in the absence of labeled nucleotides. A second microsatellite (GA repeat followed by GT repeat) was analyzed similarly (labeled forward primer, CCTTCTGGAGCAGCACTTCCA, reverse primer, GTAAATCTCCTAACAACATGC; annealing 58_C for 1 min; elongation 72_C for 1 min; denaturation 94_C for 1 min; 1.5 mM MgCl 2 ; 125 ng each primers; 200 µM dATP, dCTP, dGTP and dTTP). PCR products were analyzed by electrophoresis through a 6% sequencing polyacrylamide gel containing 35% formamide and 5.6 M urea and radioautography.
Statistics
Allele frequencies were calculated, and the fit to the HardyWeinberg equilibrium and the heterogeneity between population samples were evaluated by means of the χ 2 test, using Instat software. In several instances, the data from the tables were pooled for different alleles, in order to avoid numbers <5, and/or to reduce the number of degrees of freedom. As an example, when comparing IRI3.1 alleles between populations from Northern and Southern Europe, alleles IRI3.1-2 to +1 were pooled as well as alleles IRI3.1+8 to +11.
